Abstract: We present a novel microwave photonic single-passband filter based on polarization control through simulated Brillouin scattering (SBS). The principle of the filter is based on a vector SBS process, which is different from the previously reported scalar SBS technique. For a radio-frequency (RF) modulated signal launched to the proposed processor, the state of polarization (SOP) of the optical carrier is rotated by 90 through a two-step SBS process. As a result, the RF signals cannot be recovered in the photodetector (PD). To recover the desirable RF signal, the SOP of the RF modulated sideband is rotated by another pump wave. Since the orthogonal polarization condition between the optical carrier and the sideband is destroyed, the desirable RF signal can be recovered. By adjusting the wavelength of the pump wave, the frequency response of the filter is tunable in a frequency range from $2 to 20 GHz with out-of-band rejection of $30 dB and À3 dB bandwidth of $20 MHz. In addition, for any modulation format, it is converted to the singlesideband (SSB) modulation by the proposed filter. Therefore, the system is expected to be immune to the fiber dispersion-induced power fading. Moreover, it is independent of the modulation formats of the incoming signal wave. The filter structure can be inserted anywhere in conventional fiber-optic links without the need for modifying the link configuration and the transmitter.
Introduction
Microwave photonic filters (MPFs) have attracted considerable attentions during the past few years since they can process radiofrequency (RF) signals directly in the optical domain and bring many advantages, e.g., high bandwidth, light weight, low loss, and immunity to electromagnetic interference [1] - [3] . Most of the reported MPFs are limited by the periodic frequency response due to the nature of discrete time signal processing [4] - [6] . This is undesirable in a lot of applications that require a wide frequency rejection range. In this context, many single-passband filters have been proposed based on, e.g., a broadband spectrum sliced multi-wavelength source [7] , an optical intensity modulation combing with optical filtering via ring resonators or a virtually imaged phase array [8] , [9] , and a phase modulation in conjunction with optical filters, e.g., a pair of fiber Bragg gratings (FBGs) [10] , an optical bandpass filter [11] , and a phase-shifted FBGs [12] . Apart from these approaches, the use of stimulated Brillouin scattering (SBS) in optical fiber is an attractive technique for implementing a single-passband filter [13] - [19] . In [13] and [14] , the sideband of an intensity modulated signal is amplified through SBS to obtain an RF gain in a narrow bandwidth. However, the undesirable RF components can also be recovered in photodetector (PD) due to the intensity modulation. To fully reject the undesirable RF components out of the passband, phase modulation has been used in [15] . The undesirable RF components cannot be detected because of the phase modulation. Meanwhile, the desirable RF signal in the passband is recovered through SBS-based phase-to-intensity modulation conversion. Recently, the pump wave involved in the SBS process was replaced by a wavelength tunable laser to overcome the bias drifting problem of the modulator [16] . On the other hand, Zhang et al. have demonstrated that although the intensitymodulation-based approach suffers from some limitations to implement a single-passband filter, it is a good choice to implement a notch filter using an equivalent intensity-to-phase modulation conversion [17] , [18] . To further extend the tuning range of the single passband filter, a multi-pump scheme has been proposed by combining the SBS gain and loss spectra [19] .
It is noted that the signal wave with different modulation formats have been used in these schemes, e.g., single-sideband (SSB) modulation [13] , [14] , phase modulation [15] , [16] , and out-ofphase (=4 and 3=4) double sideband (DSB) modulation [18] . For each scheme, the pump wave has to be designed according to the modulation formats of the signal wave using, e.g., carriersuppressed (CS)-DSB modulation [13] , [15] , CS-SSB modulation [14] , or a wavelength tunable laser [16] . Therefore, the transmitter and the configuration of the fiber-optic link must be modified for each structure. In practical applications, however, it is highly desirable to have a MPF structure that can be inserted anywhere in existing fiber-optic links without modifying the link configuration and the transmitter [20] . Moreover, the filter structure should be independent of the modulation formats of the incoming signal wave. This paper presents a novel microwave photonic single-passband filter based on polarization control through SBS. To the best of our knowledge, this is the first time that the SBS-assisted polarization control is used to implement a microwave photonic single-passband filter. It should be noted that the previously reported works [13] - [19] are all based on scalar Brillouin selective amplification of the RF modulated sideband where co-polarized signal and pump waves are required to maximize the optical gain. In our scheme, the operational principle of the filter is based on a vector SBS process, which is different from that reported in [13] - [19] . The state of polarizations (SOPs) of the signal and pump waves are detuned to realize a single-passband filter. The filter structure can be inserted anywhere in conventional fiber-optic links without the need for modifying the link configuration and the transmitter. Moreover, it is independent of the modulation formats of the incoming signal wave. In addition, for any modulation format, it is converted to the SSB modulation by the proposed filter. Therefore, the system is expected to be immune to the fiber dispersion-induced power fading.
SBS-Based All-Optical Polarization Control
The proposed microwave photonic single-passband filter is based on polarization control through SBS. SBS is a parametric process that involves two counterpropagating waves (pump and signal) and an idler acoustic wave [21] , [22] . A specific Brillouin frequency shift, f B $ 10 À 11 GHz, between the pump and signal waves is required, which is determined by the acoustic velocity in silica. The SBS operates in an extremely narrowband ($20 MHz), which results in a power transfer from the higher frequency optical wave to the lower one, leading to the amplification of the latter wave and the attenuation of the former [23] . Moreover, the SBS interaction is found to be polarization-dependent [24] - [26] . In the SBS interaction, the SOP of the signal wave is pulled toward that of the conjugate of the pump signal in the Brillouin amplification process. For a Brillouin attenuation process, the roles of the signal and pump waves are reversed [25] . The degree of dragging depends on the pump power and the SOP relationship between the signal wave and the pump wave.
We take the SBS amplification as an example to show the principle of the polarization pulling. Zadok et al. [25] have reported that the SBS amplification in a birefringent fiber is characterized by maximum and minimum values of the signal amplitude gain, G max ð! s Þ and G min ð! s Þ, respectively. ! s denotes the signal angular frequency. Moreover, the maximum and minimum SBS gain is related to a pair of orthogonal SOPs of the signal wave [25] , [27] , [28] . The SOP of the maximum gain is the same as the conjugate of the pump wave ðE * Ã p Þ, which can be characterized by the SOP of SBS amplified spontaneous emission (ASE) [26] , [27] . As shown in Fig. 1 
Hence, the SOP of the signal wave is pulling toward that of the conjugate of the pump wave. Therefore, it provides an opportunity to alloptically control the SOP of an optical signal.
It is noticed that a 90 polarization pulling is hardly realized due to the fact that the pulling is very small when the original optical signal wave and the conjugate of the pump wave are perfectly orthogonal at the output of the fiber [26] . In order to overcome this limitation, we have recently proposed a two-step SBS approach using both SBS gain and loss to change the SOP of the signal wave by 90 [29] . Two pump waves are used to generate SBS gain and loss at the optical signal separately. In the first SBS process, the signal wave enjoys the Brillouin gain and the SOP of the signal wave is changed by a degree of ð0 G G 90Þ. In the second SBS process, the signal wave suffers the Brillouin loss, and the SOP of the signal wave is further detuned by ð0 G G 90Þ. Therefore, a 90 polarization rotating can be achieved at þ ¼ 90. Moreover, the amplitude of the signal wave can be adjusted by separately tuning the gain and loss for the signal wave.
Principle of the Microwave Photonic Single-Passband Filter
The schematic configuration of the proposed microwave photonic single-passband filter is shown in Fig. 2(a) . The RF modulated incoming optical signal that carriers the RF signal to be filtered launches the front port of the processor. Fig. 2(b) shows the principle of the proposed filter and the optical and electrical signals before and after SBS interactions. An optical isolator (ISO) is added to ensure unidirectional transmission. An optical circulator (OC) is used to counterpropagate the RF modulated signal wave and the two pump waves in a length of dispersion-shifted fiber (DSF). In the fiber, the SOP of the optical carrier is rotated by 90 through pump1, as shown in Fig. 2 (b). It should be noted that we used the two-step SBS method [29] to ensure a 90 polarization rotating in the following experiment. As a result, the RF signals cannot be recovered in the PD because the SOPs of the optical carrier and the RF modulated sidebands are orthogonal [see Fig. 2(b) ]. To recover the desirable RF signal, the SOP of the RF modulated sideband is rotated by a degree of through pump2. Since the orthogonal polarization condition between the optical carrier and the sideband is destroyed, the desirable RF signal can be detected in the PD. In this way, a microwave photonic single-passband filter can be realized as shown in Fig. 2(b) .
It is noted that only the optical carrier and the desirable RF modulated sideband could beat in the PD. Therefore, the proposed technique is independent of the RF modulation formats as long as the processed signal includes an optical carrier and an RF modulated sideband. Next, we take DSB intensity-modulated signal as an example to show the principle of the proposed filter. Under small-signal condition, the DSB intensity-modulated incoming signal [see Fig. 3(a) ] can be expressed as
where A 0 and A 1 are the amplitudes of the optical carrier and sidebands, respectively. ! 0 and ! RF are the angular frequencies of the optical carrier and the RF signal, respectively. The reference frame of polarization state E x is aligned with the SOP of the incoming signal at the output of the fiber, and the polarization state of E y is orthogonal to that of E x . If the SOP of the optical carrier is rotated by 90 through pump1, as shown in Fig. 3(b) , the optical field becomes where is the amplitude gain which is controlled by the SBS gain and loss in the two-step SBS process [29] . In Eq. (2), we assume that the frequency of the RF signal is larger than the bandwidth of SBS interaction ($20 MHz). Therefore, the SOP of the optical sideband is unchanged.
To implement a microwave photonic single-passband filter, the SOP of the RF modulated sideband (e.g., the upper frequency sideband) is rotated by a degree of through pump2. To this end, the SOP of the conjugate of pump2 is detuned by a degree of from the original position of the RF modulated signal. As shown in Fig. 3(c) , the projections of the sideband into the SOPs of the maximum and minimum SBS gain of pump2 are amplified, leading to the polarization dragging of the sideband toward that of the conjugate of pump2. After SBS interaction, the optical field is given by 1 is the amplitude of the sideband after SBS interaction with pump2; ! 0 and ! RF are the angular frequencies of the optical carrier and the RF signal, respectively; is the amplitude gain which is controlled by the SBS gain and loss in the two-step SBS process; : the SOP detuning of the conjugate of pump2 from the original position of the RF modulated signal; G max ð! s Þ and G min ð! s Þ are the maximum and minimum amplitude gain in a birefringent fiber, respectively. E x and E y are the reference frame of the polarization state, E x is aligned with the SOP of the incoming signal at the output of the fiber and the polarization state of E y is orthogonal to that of E x .
where gðf RF Þ is given by [27] gð! RF Þ ¼
where g 0 is the SBS gain coefficient [25] , [27] , Pðf p Þ is the power spectral density of the pump wave, ! p is the angular frequency of the pump wave, ! B ¼ 2 Á f B , and À B $ 2 Á 20 Á 10 6 rad/sec is the Brillouin bandwidth.
Then, if the output optical signal were detected in the PD, the RF signal would be proportional to
As can be seen from Eq. (7), the optimum SOP of the conjugate of pump2 is ¼ 45 . The amplitude gain G max ð! RF Þ in the scalar SBS scenario is replaced by G max ð! RF Þ À G min ð! RF Þ in the vector SBS case [27] , [28] . G min ð! RF Þ cannot be ignored under modest pump power level. For RF modulation sidebands around the SBS resonance, the corresponding RF components could be recovered by the PD since G max ð! RF Þ ) G min ð! RF Þ ) 1. For other undesirable RF components, they cannot be recovered upon detection because the SBS has no effect on the modulation sidebands. Hence, we have G max ð! RF Þ ¼ G min ð! RF Þ ¼ 1 and iðt Þ ¼ 0. This means that the polarization-based discrimination can achieve very high out-of-band rejection (theoretically infinite). At this point, the principle of the proposed technique is similar to the polarization-enhanced Brillouin optical filters [27] , [28] where a polarizer was added to enhance the rejection of the out-of-band optical components. It should be noticed that the power transfer for these out-of-band RF components in the scalar SBS process [13] , [14] (i. e. the SOP of the signal wave is aligned with that of the conjugate of the pump wave) is unity. As can be seen from Eq. (6), the SBS will also induce a frequency-dependent phase shift of the optical signal within the bandwidth of interaction, which is known as Bslow light[ and has been used to generate broadband true time delay for microwave signal processing applications [23] .
The proposed processor can be inserted anywhere in conventional fiber-optic links without the need for modifying the link configuration and the transmitter because it is an all-optical processing technique. It is well-known that the DSB modulation (intensity or phase modulation) suffers from fiber dispersion-induced power fading. In the proposed processor, the DSB modulation is converted to an equivalent SSB modulation. Therefore, the system is expected to be immune to the fiber dispersion-induced power fading. In addition, the frequency response of the filter is tunable by adjusting the wavelength of the pump2.
Experiment and Result
An experiment was designed based on the configuration shown in Fig. 4 to demonstrate the proposed microwave photonic single-passband filter. As mentioned in Section 2, a two-step SBS process has to be implemented to drag the SOP of optical carrier by 90 . Two pump waves, i.e., pump1(a) and pump1(b), are required to generate SBS gain and loss at the optical carrier separately. In addition, pump2 has to be used to rotate the SOP of the RF modulated sideband. Therefore, three pump waves are required in our scheme. Unfortunately, there are not enough tunable laser sources (TLSs) available in our lab. To implement a proof-of-concept experiment, pump1(a) and pump1(b) were provided by the same laser diode (LD) as the RF modulated signal (see Fig. 4 ).
The optical carrier at 1549.466 nm with power of 11 dBm was provided by a LD. The signal was split into two branches by an optical coupler. In the lower branch, the optical carrier was modulated by an RF signal through a Mach-Zehnder modulator (MZM2). MZM2 was biased at null point to generate CS-DSB modulation, as shown in the inset of Fig. 4 . The frequency of the RF signal equals to the Brillouin frequency shift f B , which was measured to be 10.501 GHz at 1549.466 nm for the fibers used in our experiment. Following MZM2, the two sidebands of the CS-DSB signal were separated by two tunable optical filters (TOF1 and TOF2, respectively). The higher and lower frequency sidebands were boosted by the erbium-doped fiber amplifiers (EDFA1 and EDFA2) and acted as pump1(a) and pump1(b), respectively. The SOPs of pump1(a) and pump1(b) were controlled by two polarization controllers (PC1 and PC2, respectively). Pump2 was provided by a TLS, boosted by EDFA3, and polarization-controlled by PC3 before coupling with pump1(b).
In the upper branch, the optical carrier was modulated by the RF signal to be filtered through MZM1. The SOP of the RF modulated signal was measured by a polarization analyzer (PA) and is shown in Fig. 5 (marked as point A) . The corresponding polarization ellipse and the Stokes vector parameters are also shown in the inset of Fig. 5 . OC1 was used to counterpropagate the RF modulated signal and pump1(a) (with optical power of 9.5 dBm) in a 4.1-km length of DSF1. In the fiber, SBS gain interaction was stimulated between the optical carrier and pump1(a). The SOP of the optical carrier was pulling toward that of the conjugate of pump1(a). By adjusting PC1, the maximum detuned SOP of the optical carrier is marked as Point B in Fig. 5 . This is the first step SBS process. In order to rotate the SOP of the optical carrier by 90 , the second step SBS process has to be implemented. The other OC2 was used to counterpropagate the signal wave and pump1(b) (with optical power of 9 dBm) in the other 4.1-km length of DSF2, where the SBS loss process took place. By adjusting PC2, the SOP of the optical carrier was rotated by 90 from its original position, as shown in Fig. 5 (marked as point C) .
As discussed in Section 3, the SOP of the conjugate of pump2 should be detuned by 45 from the original position of the RF modulated signal. For pump2 at 1549.306 nm with power of 9.8 dBm, the SOP of its conjugate was adjusted to 45 (90 in Poincaré sphere) by PC3 and is marked as Point D in Fig. 5 . It was measured by switching off the LD so that spontaneous Brillouin scattering was excited, acting as a polarization mirror of pump2 [24] , [26] . Fig. 6 shows the frequency response ðS 21 Þ of the single-passband filter operating at a center frequency of 9.5 GHz for pump2 at 1549.306 nm. The out-of-band rejection is $30 dB. The inset shows the zoom-in view of the passband. It can be seen that the filter exhibits an excellent shape factor with À3 dB bandwidth of 20 MHz, À10 dB bandwidth of 38 MHz, and À20 dB bandwidth of 80 MHz. By adjusting the wavelength of pump2 from 1549.222 to 1549.367 nm, the frequency response of the singlepassband filter is tunable in a frequency range from $2 to 20 GHz with the out-of-band rejection of $30 dB, as shown in Fig. 7 . It is noted that the undesirable RF signals out of the passband cannot be recovered in the PD and fall into the noise of the system. This is different from that reported in [13] and [14] where the undesirable RF signals can also be recovered in the PD due to the intensity modulation. 
Conclusion and Discussion
We have demonstrated a new microwave photonic single-passband filter based on polarization control through SBS. The filter structure can be inserted anywhere in conventional fiber-optic links without the need for modifying the link configuration and the transmitter. Moreover, it is independent of the modulation formats of the signal wave. For an RF modulated signal launched to the processor, the SOP of the optical carrier is rotated by 90 through a two-step SBS. To implement a single-passband filter, the SOP of the optical sideband is changed through pump2. By adjusting the wavelength of the pump2, the frequency response of the filter is tunable in a frequency range from $2 to 20 GHz with out-of-band rejection of $30 dB and À3 dB bandwidth of $20 MHz. In addition, for any modulation format, it is converted to the SSB modulation by the proposed filter. Therefore, the system is expected to be immune to the fiber dispersion-induced power fading.
In our scheme, we have used two wavelength-fixed pump waves, i.e., pump1(a) and pump1(b), to rotate the SOP of the optical carrier by 90
. However, they would also generate Brillouin gain and loss at the position of $21 GHz far from the optical carrier. This will limit the frequency tuning range of the proposed filter. To overcome this restriction, multi-pump-based approach [19] can be used to separately compensate the Brillouin gain and loss spectra.
SBS as an optical amplifier, in general, induces ASE noise to the signal wave [30] - [32] . As a result, the recovered RF components would be contaminated by the ASE noise. It was reported [32] that the ASE noise can be significantly reduced for relatively high signal power when the SBS operated in the saturation regime. Furthermore, the ASE noise power increases with signal wave detuning [32] (defined as the frequency interval between the signal wave and the center of the SBS resonance). Hence, the ASE noise power can be notably reduced if the signal wave locates in the center of the SBS resonance. In our scheme, the optical carrier has been optimized at the center of the SBS resonance to minimize the ASE noise. On the other hand, the RF modulated sideband swept over the whole SBS gain profile of pump2. Ferreira et al. [32] reported that the signal to noise ratio (SNR) of the optical signal decreases with signal wave detuning due to the combined effect of the SBS gain reduction and of the SBS-ASE noise enhancement. Therefore, the SNR or the out-ofband rejection of the proposed microwave filter would also degrade with RF detuning.
Apart from the SBS-ASE noise, the proposed microwave photonic filter was also affected by many other noise sources, e.g., the noise from EDFA, PD, and the VNA. It is noticed that other scalar SBS-based techniques are also affected by these noise sources. In this context, the selectivity of the vector SBS-based technique [27] , [28] is expected to be higher than its scalar counterpart [13] - [16] , [33] - [35] . However, significantly better rejection has not been achieved in the experiment. This can be attributed to the deviation of the optical carrier from the orthogonal polarization state. It affected the selectivity of the proposed microwave filter greatly, which determined the noise floor shown in Figs. 6 and 7. To overcome the non-perfect orthogonal polarization rotating of the optical carrier, sophisticated polarization and power controls of the pump waves have to be done.
The stability of the system is highly dependent on the frequency stability of the laser sources, as well as the polarization control of the light wave. In our experiment, pump1(a) and pump1(b) were provided by the same laser source with the signal wave, so that the relative frequency stability was ensured. In a practical system, however, pump1(a) and pump1(b) should be provided by individual laser sources. The frequency drift and the polarization variation of the laser sources would lead to a non-perfect 90 polarization rotating of the optical carrier, resulting in a reduced out-of-band rejection of the microwave single-passband filter. Moreover, the frequency drift of pump2 would cause the variation of the center frequency of the single-passband resonance. In this paper, we have demonstrated a proof-of-concept experiment to verify the principle of the proposed microwave photonic single-passband filter. In practical systems, however, frequency-stabilized laser sources with highly precise current and temperature control have to be used.
